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FACTORS INVOLVED IN PLATE EFFICIENCIES 
FOR FRACTIONATING COLUMNS 
l. INTRODUCTION 
1. Introductory.-Fractional distillation is a typical chemical 
engineering unit operation. It has to do with the separation of the 
components of a liquid mixture by successive distillations and 
condensations. 
A diagrammatic sketch of a fractionating column operating con-
tinuously is shown in Fig. 1. The heating element is located at the 
bottom of the column, the cooling clement at the top; the feed enters 
somewhere between. There exists in this column a series of zones or 
plates in which the vapor, rising from the bottom, is brought into 
intimate contact with the liquid, descending from the top. It is cus-
tomary to assume that the feed enters at boiling temperature as does 
the reflux, or condensate formed at the top. Each one of these zones 
contains boiling liquid. The fractionating column may be considered 
as a counter current stripping and scrubbing device. The more vola-
tile material is stripped from the liquid and the less volatile material 
is scrubbed from the vapor. 
It is necessary to review very briefly some of the past work on 
column design that has to do with the determination of the number of 
plates required for a definite fractionation before one can visualize 
the fundamental factors involved in a determination of plate 
efficiencies. Such a discussion is the subject of this . circular. 
2. Acknowledgments.-The author wishes to acknowledge the as-
sistance of the entire staff in Chemical Engineering at the University 
of Illinois in the preparation of this circular. 
This circular has been published as a part of the work of the 
Engineering Experiment Station of the University of Illinois, of 
which DEAN M. L. ENGER is the director. 
II . CALCULATION OF NUMBER OF THEORETICAL PLATES 
3. Assumptions.-lt will be assumed, first of all, that the column 
will operate without entrainment, i.e., particles of liquid will not be 
carried from one plate to the next above. Entrainment is caused by 
an excessive vapor velocity, and will in turn cause a marked decrease 
in plate efficiency (100 per cent efficiency would exist when the vapor 
and liquid on the plate are in equilibrium). Furthermore, it will be 
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assumed that no plate will give an efficiency of more than 100 per 
cent. It is quite possible to design a plate so that there is considerable 
variation in the composition of the liquid from the point of entrance 
to the exit. Recent work on this subject indicates the feasibility of 
using such plates to obtain efficiencies of 110 per cent. Any such 
design is bound to complicate the calculations. It is assumed, there-
fore, that there is a complete mixing of the liquid on a plate with a 
corresponding uniform composition throughout. 
It is customary to use a binary mixture as a basis for calculations 
in order to simplify the computations. 
It is also usual to assume no heat transfer through the walls of the 
column. Heat enters only at the bottom of the column and is removed 
entirely in the condenser at the top. In a large column, where the 
ratio of surface to volume is small, the percentage of heat lost 
through the walls in comparison with that removed in the con-
denser is small. This is especially true if the temperatures inside the 
column are not much higher than the outside or room temperature. It 
is also assumed that the liquid mixtures have approximately equal 
molar latent heats, that the specific heats are negligible in compari-
son with the latent heats, and that there is no appreciable heat of 
mixing. 
4. M ater'ial Balance Equations.-Material balances can be set up 
that will indicate that the number of mols of vapor passing up the 
column at any point above the feed plate, during unit time, is equal 
to the number of mols of liquid overflow at that point plus the num-
ber of mols of the product withdrawn at the top of the column. An 
equation expressing this fact for the conditions above the feed plate 
is as follows:* 
(1) 
This equation states that the mols of vapor leaving the plate (n) in 
unit time are equal to the mols of overflow from the plate above 
( n + 1), plus the mo ls of the product, (coming out of the top of the 
column). An expression for the material balance of the number of 
mo ls of the more volatile constituent is as follows: 
(2) 
In this equation, y is the mo! fraction of the more volatile constitu-
*Walker, Lewis, McAdams , and Gilliland, "Principles of Chemical Engineering/' p. 555, 
1937 (3rd Edition). 
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ent in the vapor phase, and x the mol fraction of the same constitu-
ent in the liquid phase, Xe the mol fraction in the liquid product. 
Solving for Yn, using Equations (1) and (2), we have 
Xn+l On+l XcD (3) Yn = 
O n+ I + D + On+i + D 
Xn+l On+l XcD 
or Yn = +--
Vn Vn 
Similar equations can be set up for the corresponding y values 
below the feed plate: 
Ym =-----
Om+i - W 
(4) 
Here TV equals the mols of residue leaving the bottom of the column 
m unit time. 
5. McCab e and Thiele M ethod.-McCabe and Thiele* have solved 
the problem of determining the number of plates theoretically re-
quired for a definite separation by a graphical method. They make 
use of the assumptions already mentioned, and also the assumption 
that there is perfect contact between vapor and liquid on each and 
every plate, in other words, 100 per cent plate efficiency. They con-
struct an equilibrium diagram (Fig. 2) showing the relationship 
between the mo! fraction of the more volatile constituent in the 
liquid and in the vapor phase. This is known as the XY curve. If a 
feed composition x1 is assumed, an overhead product x.2 and a residue 
x 3 , it is then possible to make use of the equations stated in the fore-
going in order to determine the number of plates theoretically re-
quired for this particular separation. 
Equations (3) and ( 4) are "operating lines" on this diagram; that 
is , a series of values for y that would theoretically exist above the 
various plates for a definite reflux ratio. In other words, a definite 
proportion of the overhead is condensed and returned to the column, 
and perfect contact exists between the vapor and the liquid on each 
and every plate. This operating line for the region above the feed 
would start at a point represented by x 2 (the molar concentration 
of the more volatile component in the product). It should be 
*McCabe and Thiele, Ind. and Eng. Chem., 17, 605, 1925. 
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noted that the point x 2 lies on the forty-five degree line (where x is 
equal to y, or the vapor composition equals that of the liquid, as all 
of the vapor is condensed ). This operating line continues as a 
stra ight line from x 2 until it intersects the vertical line represented 
as a line drawn through x1 , the feed composition. The slope of this 
operating line would depend upon the reflux ratio , a value that can be 
represented as follows: 
On+1 
R eflux ratio = --
V n 
(5) 
This ratio is determined by the operator, and can be fixed prior to 
the design of t he column. 
l\IcCabe and Thiele draw a se ries of steps from X2 a long the oper-
ating line to a point at or below the feed position , as indicated in 
Fig. 2. These steps represent the theo retical plates that should exist. 
The points at which t hey intersect the operating line represent the 
composition of liquid and vapor for those particular plates. By t his 
method one can count the number of steps or plates above the feed 
plate required for a definite separation and reflux ratio. The same 
method can be employed for the determination of a number of theo-
retical plates below the feed plate commencing at x,, the composition 
of the residue desired. 
III. DETERMINATION OF N U MBER OF A CTUAL PLATES 
6. Common Method.-It should be remembered, however , that the 
assumption of perfect contact· between the liquid and vapor corre-
sponds to a condition that never actually exists. This means t hat 
after one obtains the number of theoretical plates, it is necessary to 
have sufficient knowledge of practi cal operation to determine the 
number of actual plates required for the particular system, column, 
and mode of operation. It is customary for the practical designer to 
estimate the number of actual plates required. This number is usually 
larger than the theoretical fi gure. The factor determined by dividing 
t he number of theoretical plates by the estimated number of practical 
plates is sometimes considered as a plate effici ency. 
It is evident that such an efficiency factor has no fund amenta l 
signifi cance, and its value is based entirely upon the experience and 
ability of the practica l designer who is responsible for it. It is quite 
clear that if we wish to determine the number of plates actually 
required, we must know the fundamental factors involved in plate 
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efficiency. Furthermore, these factors must be of such a character 
that they can be determined before the erection and operation of 
the column. 
7. Murphree Method and Plate Efficiency.- Another investigator, 
E. V. Murphree,* has proposed a method of design in which he at-
tempts to determine the number of actual plates rather than the 
number of theoretical plates. Murphree makes assumptions similar 
to those of McCabe and Thiele, which we believe to be sound, and 
has derived the following formulas which define plate efficiencies: 
_ * _ Yn - Yn-1 
Yn-1 - Yn - M (yn - Yn-1) or M - - - ---
y~ - Yn-1 
where Yn is equal to the actual mo! fraction of the more volatile com-
ponent of the vapor above the nth plate and Yn-i is the actual value 
for the mo! fraction in the vapor from the plate immediately below. 
y* is the theoretical value of the mo! fraction of the more volatile 
n 
component in the vapor above plate n. M is the Murphree plate 
efficiency. 
It will be noticed that these equations can only be employed to 
determine the plate efficiency after the column has been designed and 
erected, and is operating. Murphree has expressed his plate efficiency 
in other terms, as follows: 
The examination of this equation indicates that several of the factors 
involved cannot be determined before the erection and operation of 
the column. Examples of such variables are the material transfer gas 
film coefficient K" on and the area of contact A,,. It may be possible to 
evaluate the pressure term Pn and to estimate roughly the time of 
contact Bn. The subscript n refers to the plate n. Murphree's ex-
pression for plate efficiency is undoubtedly theoretically correct if 
one takes into consideration the assumptions he has made, but it does 
not represent a practical solution of the problem. 
IV. MATERIAL TRANSFER ON AN ACTUAL PLATE 
8. Basi.s of Problem.-It is necessary to consider first what prob-
ably happens on a simple plate such as the perforated type. In 
*Ind. and Eng. Chem. 17, 747, 1925. 
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other words, the basis of the problem of establishing the factors in-
volved will be clearer if one considers the probable mechanism of 
material transfer on an actual plate. A diagram of this might be 
represented by Fig. 3. 
9. Zones of Transfer.-The bubble is formed at the perforation, 
the hole in the plate. It is quite evident that t he contact, and there-
fore the transfer, is excellent at this point. As the bubble proceeds 
upward through the liquid layer, t he gas film at the liquid-gas in-
terface becomes saturated with the more volatile component* and 
it is probable that the rate of transfer during this period is extremely 
slow. Once the bubble rises to the top of the liquid layer , it quite 
often enters a region of froth or foam. Here, bubbles break and 
reform. Naturally the surface of the liquid is constantly broken or 
agitated by the rising bubbles, and it is quite eYident that, in this 
particular zone, the transfer takes place to a considerable extent. 
Very often, above this region, t here are particles of liquid which rise 
through the vapor space, carri ed upward by the vapor, and fall back 
into the liquid. These particles are relatively small and the liquid 
surface exposed to the vapor is not great. Very little transfer should 
take place due to these globules or droplets. On a properly-designed 
plate in a correctly-operated column, as stated previously, these 
droplets do not pass on to the plate above. It has been already 
stipulated that this condition, known as entrainment, shall not exist 
in the column under consideration. 
In order to simplify the problem still further, it will be assumed 
that most of the transfer from liquid to vapor takes place when the 
*Note-It is probably necessary to consider only one component except when transfer takes 
place through the gas film , as will b e noted later. 
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bubble is formed or broken, i.e., as the bubble forms at the perforation 
and in the region of the froth. 
10. Zones Considered.-We can then divide the problem into two 
separate parts, one having to do with the material transfer during 
the bubble formation and breaking, and the other with the transfer 
inside of the bubble; in other words, through the vapor film that 
exists. 
V. DETERMINATION OF FACTORS INVOLVED 
11. Bubble Formation and Breaking.-Considering the transfer 
during bubble formation and breaking, we can divide the facto rs to 
be considered into two sections, one having to do solely with the plate 
design and column operation, and the other having to do entirely with 
the liquid system. We thus eliminate from consideration the gaseous 
phase. 
(a) Factor A.-lf we call A the overall factor concerning plate 
design and column operation, we can assume that it will be constant 
for any plate in the column because we have already made an as-
sumption that all plates are of the same type. It will be· constant 
for any liquid system used because these factors will be considered 
later. It will therefore be constant for any composition of feed and 
for any position of the feed plate. 
It will, however, vary with the type of plate used. It will change, 
for example, with the design of slot, the arrangement of the caps and 
other structural features, and also with the liquid head. We shall 
designate by "a" the variation due to the design of the plate. 
This cannot be measured directly, but can be calculated if we 
have sufficient data on the operation of the particular plate under 
consideration. 
The factor A will also vary with the vapor velocity which we shall 
call u. It should not vary appreciably with the liquid velocity, the 
reflux ratio, or the rate of feed. 
In other words, our expression for A is 
A = a function of u, a 
(b) Factor B.-Our second main factor is B and has to do solely 
with the liquid system, remembering that we are considering only 
the material transfer during the bubble formation and breaking. This 
factor B should be constant for any plate in the column, for any type 
of plate used, for any position of the feed plate, for any vapor 
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velocity, and for any liquid velocity. If there exists a marlied change 
in viscosity or surface tension from one plate to the other, it will be 
necessary to calculate this factor for each plate. 
B will vary, however, with the liquid system used, and it is 
probable that it will depend either on surface tension, or viscosity, or 
both. No other physical properties of the liquid system should have 
any effect on this particular factor. The expression for B would be 
as follows: 
B = a function of µ and 'Y 
12. Inside the Bubble.-Considering the material transfer inside 
the bubble, we are dealing entirely ·with a gaseous or vapor system. 
In other words, we are interested in the material transfer through 
the gas film. 
( c) Factor C .---;-This factor C should be constant for any type of 
plate, for any vapor velocity, for any liquid velocity, but not neces-
sarily for any liquid system. In other words, C may depend upon B. 
This will undoubtedly cause complications, but it may be possible to 
consider only properties of the vapor phase because these properties 
may be determined by the liquid system. 
T. K. Sherwood,* shows the well-known Stefan equation for the 
diffusion of water vapor into a stream of air. This equation is as 
follows: 
DP (Pi - Po) 
Na= ------
RTxpbm 
Na =rate of diffusion of gas a in mols/ (unit area)(unit time) 
D = diffusivity of water vapor into air 
P = total pressure 
p; = vapor pressure of water at the interface 
Po = partial pressure of water in the gas or air 
x = "effective film thickness". 
Pbm = mean partial pressure of the air 
R = gas constant 
T = absolute temperature 
It is true for our purposes that this is not ideal, but it does show 
the factors which we must consider. In other words, our factor C 
will vary with the diffusivities of both components, the partial pres-
sures or concentrations of each component, and possibly with the 
*Sherwood, "Absorption and Extraction," p. 30, 1937. 
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total pressure, the absolute temperature, and the film thickness of the 
gas or vapor. Our factor C can be expressed as follows: 
C = a function of D , D 1, p , P, T , x 
Considering the diffusivities, these can be determined, according 
to Gilliland,* by the following equation: 
The symbols used are as follows : 
MA, Mn = molecular weights of the two gases 
P = total pressure 
S = distance between the centers of the two unlike mole-
cules at collision (or sum of the radii of the two unlike 
molecules) . 
D = diffusion coefficient of the system, or diffusivity 
T = absolute temperature 
A = a constant 
Partial pressure, total pressure, concentration , and temperature 
can all be calculated or determined prior to the erection and opera-
tion of the column. The only factor (and it is, unfortunately, a very 
important one) which is difficult to determine is the film thickness x. 
It is probable, however, that this factor can actually be determined, 
or at least approximated, after our factor B has been determined. 
Considering our factor C \Ve now find that it varies with each 
plate. It also rnries with the position of the feed plate, the compo-
sition of the feed, and the system used; but it should be remembered 
that our analysis of factor C as reported in the foregoing seems to 
be complete, and the only property that is difficult to measure is the 
film thickness x. 
VI. SUMMARY 
13. Summary.-It is therefore possible to attack the problem of 
column design by first collecting the factors essential to the develop-
ment of a plate effi ciency equation , and these factors can a ll be de-
termined or approximated prior to the erection and operation of the 
column. A discussion of the experimental "·ork leading to the de-
velopment of a practical plate efficiency equation will be the subj ect 
of future papers. 
*Gilliland, E. G., Ind. and Eng. Chem., 26, 46 , 681, 1934. 
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